The identification of diagnostic markers and therapeutic candidate genes in common diseases is complicated by the involvement of thousands of genes. We hypothesized that genes co-regulated with a key gene in allergy, IL13, would form a module that could help to identify candidate genes. We identified a T helper 2 (T H 2) cell module by small interfering RNA-mediated knockdown of 25 putative IL13-regulating transcription factors followed by expression profiling. The module contained candidate genes whose diagnostic potential was supported by clinical studies. Functional studies of human T H 2 cells as well as mouse models of allergy showed that deletion of one of the genes, S100A4, resulted in decreased signs of allergy including T H 2 cell activation, humoral immunity, and infiltration of effector cells. Specifically, dendritic cells required S100A4 for activating T cells. Treatment with an anti-S100A4 antibody resulted in decreased signs of allergy in the mouse model as well as in allergen-challenged T cells from allergic patients. This strategy, which may be generally applicable to complex diseases, identified and validated an important diagnostic and therapeutic candidate gene in allergy.
INTRODUCTION
Genomic high-throughput studies have shown that complex diseases are associated with altered interactions between thousands of genes, of which the majority have only small individual effects (1) . This makes the prioritization of diagnostic and therapeutic candidate genes for functional and clinical studies a formidable challenge. Here, we present a module-based, translational strategy to address this challenge. The strategy is based on the concept that, when mapped on the human protein-protein network, disease-associated genes tend to form modules, for example, groups of genes that are more interconnected than surrounding genes, and also more functionally related (2) (3) (4) (5) . The examination of gene modules may facilitate prioritization as it reduces the number of candidate genes, and these genes are likely to be more relevant for the disease than extramodular genes. In landmark studies, module-based approaches have been used to identify a candidate gene associated with breast cancer risk (6) and to subtype autoimmune diseases (7) . In the latter case, almost 2000 genes differed in expression between the subtypes. The clinical translation of module-based approaches has been complicated not only by the large number of genes but also by the heterogeneity of complex diseases and the involvement of many different cell types, some of which may not be known or difficult to obtain from patients. Another problem is methodological limitations in the construction of gene modules. For example, if modules are constructed by mapping disease-associated genes on a protein-protein interaction (PPI) network, the interactions may differ in different cell types.
The aim of our study was to test if a translational module-based approach could identify candidate genes with diagnostic and therapeutic potential. Our approach combined genomic, bioinformatics, functional, diagnostic, and therapeutic studies. We analyzed CD4 + T cells from patients with seasonal allergic rhinitis (SAR), which is an optimal disease model because of its well-defined phenotype and pathogenesis. The external trigger (pollen) is known and can be used to challenge CD4 + T cells from allergic patients in vitro. These cells can be analyzed with gene expression microarrays and the candidate genes examined functionally and as therapeutic targets in T helper 2 (T H 2)-polarized cells as well as in a mouse model of allergy. Potential diagnostic markers can be analyzed in nasal fluids from patients and healthy controls during the pollen season. We have previously defined modules in SAR by mapping differentially expressed genes from profiling studies on the human PPI network (8) (9) (10) (11) (12) . Here, however, we defined a gene module by searching for genes co-regulated by the same transcription factors (TFs) as a key cytokine in allergy, interleukin-13 (IL-13) (13) . The background to this approach was the observation that genes causing the same disease tend to be co-regulated by the same TFs and form modules of functionally related genes (14) (15) (16) (17) . Although its functions overlap with other cytokines, such as IL-4, IL-13 was chosen because it regulates immunoglobulin E (IgE) synthesis, airway hypersecretion, eosinophil infiltration, and mast cell proliferation (18) (19) (20) (21) , and promising results have been observed in studies that therapeutically target either IL-13 or its receptors in allergic patients (18, 22, 23) . However, the identification of a module of genes co-regulated with IL13 is complicated by the thousands of genes that change expression in T cells after allergen challenge or T H 2 polarization, of which a large portion is coexpressed with IL13 (10, 24) . We present an analytical strategy to identify such a module and diagnostic and therapeutic candidate genes.
Specifically, we found that S100A4 has a pivotal role in allergy and is a potential diagnostic and therapeutic target. We propose that the strategy may be generally applicable to complex diseases.
RESULTS
Genes that are co-regulated with IL13 formed a module in T H 2-polarized cells, which overlapped with differentially expressed genes in CD4 + T cells from allergic patients An outline of the study is given in Fig. 1 . We started by defining TFs known to regulate IL-13 based on the literature, namely, GATA2, cJUN, MAF, NFATC3, and GATA3 (25) (26) (27) (28) , and other putative IL-13-regulating TFs by combining bioinformatics predictions and gene expression microarray data from allergenchallenged CD4 + T cells. This resulted in 25 candidate TFs (table S1). To identify an optimal time point for small interfering RNA (siRNA)-mediated knockdown, we analyzed the median mRNA expression of the 25 candidate TFs in human total CD4 + T cells that were polarized toward T H 2 for 0, 6, 48, and 96 hours with gene expression microarrays. Sixteen hours of polarization was chosen on the basis of the median expression levels of the TFs at different time points, as well as the kinetics of IL13 (Supplementary Materials and fig. S1 ). Because siRNAs may induce nonspecific activation of interferon (IFN) signaling, we quantified the expression of genes involved in the IFN signaling system, namely, OAS1, TLR3, TLR7, and TLR8, by quantitative polymerase chain reaction (qPCR) after transfection with the siRNAs (29) . We found no increase in the expression of these genes ( fig. S2 ). Fluorescence microscopy revealed that 7 of 10 cells were transfected with a Cy3-labeled negative control siRNA (Supplementary Materials and fig. S3 ). These results demonstrated that our siRNA system was suitable to detect the involvement of known and unknown genes in the regulation of T H 2 cytokines.
The siRNA screen was performed in three technical replicates for each TF, which identified 7 of the 25 TFs as potential regulators of IL13 expression, namely, FOS, GATA1, NFKB1, STAT3, NFATC1, RELA, and STAT6 (table S2) . We focused on these seven TFs and one TF for which the knockdown in screening did not succeed for technical reasons (ELK1), as well as four TFs that had been described as IL13 regulators in the literature (NFATC3, MAF, cJUN, and GATA3). We repeated the knockdowns of these 12 TFs in five biological replicates, which resulted in 7 TFs for which the knockdowns had significant effects on IL13 expression, namely, STAT3, NFKB1, ELK1, NFATC3, MAF, cJUN, and GATA3 ( fig. S4, A and B) . Next, we performed gene expression microarray analyses of human T H 2-polarized CD4 + cells before and after knockdown of the TFs. The knockdowns resulted in altered expression of genes that were involved in pathways such as "altered T cell and B cell signaling," "T helper cell differentiation," and "CD28 signaling in T helper cells" (tables S3 to S5). To analyze these seven sets of differentially expressed genes in a comprehensive way, we mapped them on the human PPI network (Supplementary Materials). In keeping with previous studies, we found that the differentially expressed genes colocalized in the PPI network. This allowed us to identify a network Fig. 1 . Overview of the study, which aimed to identify disease-relevant diagnostic and therapeutic candidate genes in allergy. (A) Twenty-five putative IL13-regulating TFs were identified by combining data from mRNA microarrays, sequence-based predictions, and the literature. (B) IL13-regulating TFs were validated by siRNA-mediated knockdown of the 25 TFs in human total CD4 + T cells polarized toward T H 2 using IL13 as a readout. The target genes of the TFs were identified by combined siRNA knockdown of the positively screened TFs/known IL-13-regulating TFs from literature and microarray analyses. This resulted in a module of genes that was co-regulated with IL13 in T H 2-polarized cells and significantly overlapped with differentially expressed genes from allergen-challenged T cells from allergic patients. For further validation experiments, we focused on module genes that encoded secreted proteins and had not been previously associated with allergy. (C) Functional, diagnostic, and therapeutic studies involving S100A4 were performed in patients with SAR, allergic dermatitis, and a mouse model of allergy.
module of genes that are co-regulated with IL13, as well as their close interactors. The genes in the module overlapped significantly with gene expression changes in allergen-challenged CD4 + cells from patients with SAR (2.11-fold enrichment; P = 0.003, Fisher's exact test). The module contained several pathways and genes of known relevance for allergy and T H cell differentiation, such as IFNG, IL12, IL4, IL5, IL13, and their receptors, as well as candidate genes (table S6). To identify a candidate gene that was also a potential diagnostic marker, we selected genes with potential extracellular protein products, because they would be more likely to be detectable in body fluids. These genes formed a highly interconnected submodule ( fig. S5 and table S7 ). We focused on one of the genes that showed the largest change, S100A4. This gene has pleiotropic roles in cell differentiation and recruitment of inflammatory cells (30) . However, it has not been previously studied in allergy and T H 2 differentiation. S100A4 was highly expressed in CD4 + T cells, as well as in other cells of potential relevance for allergy, including CD8 + T cells, B cells, monocytes, and eosinophils ( fig. S6 ). In support of the relevance of S100A4 for allergy, we found that transfection with S100A4-specific siRNA led to decreased mRNA expression of T H 2 cytokines in human T H 2-polarized cells. A 2.2-fold decrease in S100A4 (P = 0.019, t test) resulted in a 2-fold decrease in IL5 (P = 0.029, t test) as well as a 2.6-fold decrease in IL13 expression (P = 0.0021, t test) ( fig. S4 , C to E). Furthermore, human CD4 + T cells showed increased production of IL-13 protein after treatment with recombinant S100A4 (fig. S7A ).
S100A4
−/− mice are protected from allergic inflammation Because S100A4 was increased in allergenchallenged T cells and was involved in T H 2 activation, we proceeded with functional studies in a mouse model of allergy. Mouse naïve T cells produced higher levels of IL-13 and IL-6 after stimulation with recombinant S100A4 ( fig. S7 , B and C). We next speculated that mice deficient in S100A4 would exhibit an altered allergic response compared with wild-type mice. S100A4 −/− mice have been reported previously (30) . We compared certain features of the wild-type and S100A4
−/− mice, including body weight, spleen weight, and the major immune cell composition [CD4 and CD8 T cells, B cells, and dendritic cells (DCs)] in the spleens and the mesenteric lymph nodes. No differences were observed between S100A4 +/+ and S100A4 −/− animals ( fig. S8 ). Next, we used a mouse T H 2-polarized skin provocation model, which bears similarities to the immunological and clinical manifestations of atopic dermatitis in humans (31) . Mice were immunized with ovalbumin (OVA) in Alum, a well-characterized T H 2-polarizing sensitization (32), followed by challenge in the ear with OVA, which resulted in a typical allergic inflammation. S100A4-deficient mice showed suppressed responses to challenge with OVA. Ear swelling was reduced by more than 70% in S100A4 −/− mice compared with wild-type controls ( Fig. 2A) . The reduced ear swelling was associated with decreased effector cell numbers in the ear and draining lymph nodes, serum OVAspecific antibody levels, and T cell memory responses. Specifically, reduced infiltration of eosinophils, neutrophils, and DCs was observed in the provoked ears of the S100A4 −/− mice (Fig. 2B) . The recruitment of CD8 + T cells, which contributes to tissue damage, was also compromised in S100A4 −/− mice (Fig. 2B) . No difference in CD4 + T cell infiltration was observed between S100A4 +/+ and S100A4 −/− mice (Fig. 2B) . The severity of the dermatological inflammatory reaction can also be reflected in the recruitment of inflammatory cells to the cervical lymph nodes (CLNs) that drain the area of provocation. As shown in Fig. 2C , the recruitment of CD4 + and CD8 + T cells, neutrophils, and DCs to the CLNs 24 hours after challenge was lower in S100A4-deficient mice compared to wild-type Deleting S100A4 gene or blocking S100A4 protein protects mice from allergic dermatitis. S100A4 +/+ and S100A4 −/− mice were immunized intraperitoneally with OVA in Alum four times with a 1-week interval. One week after the final immunization, mice were injected intradermally with OVA in one ear and PBS in the other as control. P values were calculated using unpaired two-tailed Student's t test. (A) The allergic inflammation was determined by measuring the thickness of the OVA-challenged ear subtracted by that of the control ear 24 hours after the challenge. (B) Mice were sacrificed, and single-cell suspensions were prepared from the chal- mice. Furthermore, mouse ear tissue sectioning and staining by hematoxylin and eosin demonstrated reduced leukocyte infiltration in S100A4
−/− mice after challenge ( fig. S9 ). Similar to the mice that were deficient in S100A4 protein, mice treated with an S100A4-blocking antibody (fig. S10) demonstrated compromised allergic ear inflammation, evidenced by reduced ear thickness (Fig. 2D) . A trend of reduced DC levels in the ear was also noticed after antibody treatment. Together, these data suggest that S100A4 plays a critical role in leukocyte recruitment and migration both at the effector site (ear) and at the regulatory site (draining lymph nodes) after intradermal allergen provocation.
We also observed a reduced humoral immune response in S100A4
−/− mice because serum levels of OVA-specific IgG were lower than those of wild-type mice after immunization (Fig. 3A) . Anti-S100A4 antibody treatment also attenuated OVAspecific IgG levels [4.10 ± 0.08 and 3.44 ± 0.15 (log 10 ), for control and anti-S100A4 treatment, respectively; P = 0.0022, t test]. An analysis of the IgG subtypes revealed that the major component of the IgG response was IgG1 but not IgG2a (Fig. 3A) . IgG1 is an IgG subclass that is produced by T H 2 pathways, whereas IgG2a represents a typical T H 1-mediated immune response (33, 34) . Therefore, reduced antigen-specific IgG1 production in S100A4 −/− mice is consistent with a role for S100A4 in T H 2 responses. A trend of lower antigen-specific IgE levels was found in S100A4
−/− mice, although this did not reach statistical significance (Fig. 3A) . Last, ex vivo T cell memory response as a result of antigen reencounter was suppressed in S100A4 −/− mice compared to wild-type controls ( Fig. 3B ), which provides a mechanistic explanation for the reduced antigen-specific serum antibody responses. Furthermore, lower levels of the T H 2 cytokines IL-13 and IL-6 were observed in the supernatants of restimulated splenocytes from S100A4 −/− mice (Fig. 3C) . Secretion of IL-17A, a cytokine that has been recently implicated in allergy (35) , was substantially reduced in the S100A4 −/− culture ( Fig. 3C) . Although there was a trend for reduced IFN-g secretion from S100A4 −/− splenocytes, this did not reach statistical significance (Fig. 3C ). Similar levels of IL-10, IL-5, TNF-a (tumor necrosis factor-a), and IL-22 were observed in both wild-type and S100A4 −/− cultures ( fig. S11 ). Next, we tested whether S100A4 −/− mice could be protected also in the contact hypersensitivity reaction, because allergic contact hypersensitivity is dependent on IL-6 and IL-17 (36) and both cytokines were reduced in S100A4 −/− T cells after antigen reencounter (Fig. 3C) . Indeed, the knockout mice demonstrated reduced ear swelling after sensitization and challenge by topical administration of oxazolone ( fig. S12 ). Together, these findings strongly support a crucial role for S100A4 in T H 2-polarized atopic dermatitis and also indicate that S100A4 is a therapeutic target gene in allergy.
T cell activation as a result of interaction between T cells and antigenpresenting cells such as DCs is a critical step in allergic sensitization.
During this interaction, DC not only presents the antigen peptides but also supplies T cells with activation signals. However, S100A4
−/− DCs failed to activate T cells to the same extent as DCs from wild-type mice (Fig. 4) . The addition of recombinant human S100A4 to the S100A4 −/− DC culture partially restored their T cell-activating capacity (Fig. 4) , which also suggests that DCs may be one of the cellular targets of S100A4 in addition to T cells ( fig. S7 ).
The expression of S100A4 is increased in patients with SAR and allergic dermatitis To assess the relevance of S100A4 to allergic rhinitis in humans, we measured protein levels in the nasal fluids and medium supernatants from Fig. 3 . Antigen-specific serum responses and T cell memory response of S100A4 +/+ and S100A4 −/− mice after allergic sensitization. Mice were sensitized and challenged as described in Fig. 2 . P values were calculated using unpaired two-tailed Student's t test. (A) Blood was collected 24 hours after the challenge. The serum levels of anti-OVA IgG, anti-OVA IgG1, anti-OVA IgG2a, and anti-OVA IgE were determined by enzyme-linked immunosorbent assay (ELISA). (B and C) Mice were sacrificed 24 hours after the challenge, and single-cell suspensions from the spleens were prepared and incubated at 4 × 10 5 cells per well with OVA for 3 days. T cell proliferation as a result of antigen restimulation was measured by thymidine incorporation (B). Cytokines released into the supernatant were measured by cytometric bead array (C). Data represent measurements from 11 (S100A4 +/+ ) and 5 (S100A4 
. DCs from S100A4
−/− mice demonstrate a reduced capacity for stimulating T cells. Purified CD11c + DCs (2 × 10 4 cells per well) from naïve mice either sufficient or deficient in S100A4 were incubated with OVA in the presence or absence of S100A4 (1 mg/ml) for 2 hours. After being washed, DCs were mixed with CD4 + T cells (2 × 10 5 cells per well) from OT-II mice and incubated for 72 hours. The activation status of OT-II T cells was determined by CD69 expression.
allergen-challenged cells from patients with SAR, as well as from healthy controls. We found that S100A4 levels were fivefold higher in nasal fluids from allergy patients compared to healthy controls. S100A4 increased from 13 ng/ml in controls to 63 ng/ml in patients (P = 0.025, t test). Similarly, S100A4 levels increased in supernatants from allergenchallenged CD4 + cells, from 88 ng/ml in controls to 202 ng/ml in patients with SAR (P = 0.029, t test) (Fig. 5, A and B) . This was associated with increased levels of both IL-5 and IL-13 (Fig. 5, C and D) . In addition, S100A4 levels in nasal fluids showed a modest but significant Pearson correlation with disease severity in 42 patients (symptom scores, r = 0.29; P = 0.03, right-tailed). Treatment with a neutralizing S100A4 antibody supported the mouse data, indicating that S100A4 is a therapeutic candidate in allergy: The release of IL-5 and IL-13 in supernatants of peripheral blood mononuclear cells (PBMCs) from allergic patients that have been challenged with birch pollen and a neutralizing S100A4 antibody was significantly lower than that in PBMCs challenged only with birch pollen. For IL-5, we found a decrease of 60% (P = 0.031, Wilcoxon rank-sum test), and for IL-13, a reduction of 52% (P = 0.004, Wilcoxon rank-sum test) of released protein after antibody treatment (Fig. 5, E and F) . In addition to S100A4, we also examined the protein levels of two other genes in the module, IL1A and TGFBI (transforming growth factor-b-induced), in nasal fluids or medium supernatants. These proteins, which have not previously been described in SAR, also showed significant changes in either nasal fluids or medium ( fig. S13) .
We also analyzed S1004 in allergic dermatitis and found substantial overproduction of S100A4 together with increased numbers of CD3 + T cells in lesional skin biopsies from patients with this disease compared to nonlesional skin from patients and healthy controls (Fig. 5G) .
DISCUSSION
We aimed to develop a translational strategy to identify diagnostic and therapeutic target genes in high-throughput studies of complex diseases using SAR as a model. The identification may be facilitated by defining modules of functionally related and co-regulated disease-associated genes (37) (38) (39) (40) (41) . This is complicated by the involvement of thousands of genes and disease heterogeneity. Furthermore, in many diseases, important variables are unknown, such as the external trigger or key cell type. Thus, the comprehensive translational application of module-based approaches has proven difficult. However, previous studies have shown the potential of siRNA screens for identifying disease genes or pathways (42) (43) (44) . The importance of our study lies in that it presents a translational, module-based strategy to find candidate genes in complex diseases. We combined genomic and bioinformatics analyses with siRNA-mediated knockdowns to define a module of candidate genes and validated one of these genes in functional and clinical studies.
We studied SAR, which presents an optimal model of complex diseases because of its well-defined phenotype and pathogenesis. The power of this system is the combined analysis of T cells from patients challenged with a known environmental triggering factor, pollen, with functional studies of T H 2 cells and a well-defined mouse model of allergy. Finally, the clinical relevance of potential markers can be studied in the affected organ by analyzing protein levels in nasal fluids. We hypothesized that genes co-regulated with a known disease gene in allergy, IL13, would form a gene module that would contain candidate genes. We did find a module in T H 2-polarized cells, whose relevance was supported by the observation that it contained genes of known relevance for allergy and T cell differentiation, as well as candidate genes. Furthermore, it overlapped significantly with allergen-challenged CD4 + T cells from patients with SAR. We focused Fig. 5 . Expression of S100A4 is significantly higher in patients with SAR and allergic dermatitis. (A to F) PBMCs from 20 healthy controls and 20 patients with SAR were challenged for 1 week with allergen. Nasal fluids from the same individuals were collected. P values in (A) to (D) were calculated using unpaired two-tailed Student's t test, and those in (E) and (F) using paired single-tailed Wilcoxon rank-sum test. ELISA measurement of S100A4 in cell culture supernatants (A) and nasal fluids (B) and of IL-5 (C) and IL-13 (D) in cell culture supernatants is shown. PBMCs from nine allergic patients with SAR were challenged in vitro for 1 week with allergen alone or in combination with the S100A4-neutralizing antibody 6B12. (E and F) After 1 week of incubation, medium supernatants were collected and measured by ELISA for IL-5 and IL-13. Each line represents cells from one patient. (G) Representative skin biopsies from patients with nonlesional and lesional allergic dermatitis (n = 4), as well as healthy non-atopic controls (n = 2), were stained for S100A4 (pink) and CD3 (brown, arrows). Scale bars, 100 mm.
on one candidate gene in the module, S100A4, which is a member of the S100 family of calcium-binding proteins that are found exclusively in vertebrates. S100 proteins play dynamic roles in numerous biological processes including protein phosphorylation, cell growth and survival, cell migration, and differentiation (45, 46) . Accumulating evidence also implicates S100A4 in cancer (47), neurological diseases (48) , and rheumatoid arthritis (47, 49) . We showed a central role for S100A4 in allergy by combining clinical and functional studies of human cells as well as mouse models (Fig. 6) . The diagnostic potential of S100A4 was supported by the observation that S100A4 levels were five times higher in nasal fluids from allergic patients than in healthy controls during the pollen season. We also found a correlation between symptom scores and S100A4 levels in nasal fluids from symptomatic patients during the pollen season. By contrast, we have previously found that nasal fluid T H 2 cytokines are close to the detection limits and do not correlate with symptom scores (50) . It is of note that because of variable dilution of nasal fluids, correlations between symptom scores and absolute levels of individual proteins may be lower than if the symptom scores are correlated with altered relations between multiple proteins. We also found increased S100A4 in skin from patients with allergic dermatitis. The therapeutic potential of S100A4 was supported by an S100A4-blocking antibody, decreasing local, cellular, and humoral signs of inflammation in either a mouse model of allergy or allergenchallenged PBMCs from allergic patients.
The pathogenic importance of S100A4 was demonstrated by our mouse model of allergy, in which suppressing the S100A4 gene by genetic deletion at the gene level or by neutralizing its protein with a blocking antibody protected mice from allergic dermatitis as reflected by substantially reduced ear swelling. Functional studies in human cells as well as the mouse model implicated S100A4 in T H 2 cell differentiation in response to allergen. In the mouse model, ex vivo T cell proliferation as a result of antigen reencounter, which represents the memory response, was suppressed in S100A4 −/− mice compared to wild-type controls. Presentation of antigen peptides to T cells by DCs is indispensable for this process, which is dependent on S100A4. The release of T H 2 cytokines was reduced in S100A4 −/− mice. In human T H 2-polarized cells, siRNA knockdown of S100A4 resulted in decreased release of T H 2 cytokines. In draining lymph nodes, the recruitment of CD4 + T cells was reduced in S100A4 −/− mice, as were DCs, neutrophils, and CD8 + cells. In serum, a compromised T H 2-like antibody profile was observed in S100A4 −/− mice compared to wild-type mice. In the ears, which represented the inflamed tissue, reduced numbers of eosinophils, DCs, neutrophils, and CD8 + T cells were observed in S100A4 −/− mice. Our findings agree with previous studies showing that S100A4 directly affects cellular recruitment because S100A4 is known to modulate leukocyte adhesion and migration (30, 51, 52). Furthermore, our human and mouse data support a model in which S100A4 may directly act on DCs to promote their capacity to stimulate T cells that may provide the cellular source of S100A4, thus forming a positive feedback loop. IL-17A levels were also reduced from ex vivo T cells derived from S100A4
−/− mice. Although we did not functionally investigate this finding, it may be important because IL-17A is released by T H 17 cells, which are increasingly recognized as important in allergy and other inflammatory diseases (35) . Some 10 to 20% of patients with SAR do not respond to treatment with topical steroids and therefore need alternative therapeutic options (53) . On the basis of our findings, we propose that S100A4 is a therapeutic target in allergy. Apart from specific antibodies targeting S100A4, as in our study, compounds that disrupt S100A4/protein target interactions have been described, suggesting that this may also be a viable therapeutic approach (54) (55) (56) . It is, however, of note that previous therapeutic studies specifically targeting IL-13 showed that this was mainly effective in patients with high IL-13 levels (23). In our analyses of allergen-challenged cells from patients with SAR, antibodies targeting S100A4 had the largest effects on IL-13 in T cells from patients with high pretreatment IL-13. Future studies are warranted to examine the therapeutic potential of anti-S100A4 treatment and if patients need to be stratified according to IL-13 levels. From a therapeutic perspective, anti-S100A4 treatment has the advantage that it affects not only IL-13 but also multiple components of allergy.
In addition to the identification of a therapeutic candidate, our studies demonstrate the diagnostic relevance of the modulebased approach. We examined three module genes that had not been previously described in allergy and found that the protein levels of all three showed statistically significant changes in supernatants of allergen-challenged cells and/or nasal fluids from patients compared to controls. 6 . Dynamic roles of S100A4 in allergic skin inflammation based on a mouse model of allergy. Allergic inflammation requires the sensitization of the immune system by allergens, resulting in the production of antigen-specific T cells. The interaction of DCs in the draining lymph node with T cells is a critical step that is dependent on S100A4. B cell maturation as a result of T cell-B cell crosstalk (for example, the release of T H 2 cytokines by T cells) leads to the production of IgE and IgG1 by plasma cells. Cytokines and chemokines released by T cells stimulate the migration of circulating granulocytes (for example, neutrophils and eosinophils) to the inflammatory site (skin). Differentiation of naïve T cells into CD8 + cytotoxic T cells will exacerbate the skin damage. Blue arrows indicate the flow of the allergic responses. Green arrows indicate the promotion of these processes by S100A4 (figure created by R. Männel).
Limitations in our study include that the module was defined in in vitro-polarized T H 2 cells, which is only one of several T cell subsets that are activated or inactivated in allergen-challenged T cells from allergic patients. The siRNA-mediated knockdowns of TFs may have unspecific effects. The bioinformatic definition of the module may be confounded by limited knowledge of protein interactions. On the other hand, the clinical relevance of the module was supported by significant overlap with allergen-challenged T cells from allergic patients. From a clinical perspective, S100A4 is only one of many genes in the module. Given the complexity of common diseases like SAR, it is likely that combinations of multiple transcripts or proteins will be needed for diagnostic purposes. In a recent study, almost 2000 genes differed in expression between two subgroups with an autoimmune disease (7) . Analysis of such genes could help to stratify patients for individualized medicine, particularly in diseases with severe symptoms and poor prognosis or where long-term expensive medication is needed. On the other hand, to make stratification clinically feasible, analysis of a smaller number of genes will probably be needed. Further studies are needed to identify and prioritize combinations of diagnostic markers that are optimal for different diseases. We propose that the analytical approach described in this study may be generally applicable to such studies.
MATERIALS AND METHODS

Study design
We hypothesized that genes co-regulated with a key gene in allergy, namely, IL13, cluster in a module that would allow the identification of candidate genes in allergy (Fig. 1) . To test this hypothesis, we identified known and putative IL13-regulating TFs. The effects of siRNA-mediated knockdown of these TFs were examined with mRNA expression arrays in human T H 2-polarized cells. Next, we tested if the genes affected by the knockdowns in T H 2-polarized cells formed a module, and if the genes in that module were also differentially expressed in allergen-challenged CD4 + cells from patients with SAR. Finally, we performed clinical and experimental studies to examine whether the module contained diagnostic and therapeutic candidate genes. The sizes of the materials for gene expression microarrays were based on our previous studies of allergen-challenged T cells from allergic patients (8) (9) (10) (11) (12) . Blinding was used in the mouse experiments, but no randomization was used during the sample collection or the experimental validation.
To experimentally confirm the roles of S100A4 in allergy, we used two mouse skin allergic inflammatory models: allergic dermatitis induced by intradermal delivery of OVA and contact hypersensitivity induced by topical application of oxazolone. S100A4 +/+ and S100A4 −/− mice (30) both on C57BL/6 background were used. For the OVA model, mice were sensitized four times at a 1-week interval by an intraperitoneal injection of 10 mg of OVA (Sigma-Aldrich) admixed to 4 mg of aluminum hydroxide hydrate (Alum, Sigma-Aldrich). One week after the final sensitization, mice were challenged with 40 mg of OVA in 10 ml of phosphate-buffered saline (PBS) intradermally in one ear and PBS in the other as control. Ear thickness was measured 24 hours later by an observer blinded to the identity of the mice with a micrometer (Mitutoyo), and differences between the two ears were recorded as the net increase of ear thickness. In some experiments, 75 mg of S100A4-specific blocking antibody (clone 6B12) (57) or isotype mouse IgG1 in 100 ml of PBS was injected intraperitoneally shortly before each sensitization and 3 days after each sensitization. For mice that had received intraperitoneal antibodies, the ear challenge was accompanied with a dose of 7.5 mg of S100A4 antibody or isotype mouse IgG1 in addition to 40 mg of OVA. The antibody treatment plan was based on experience obtained from previous studies (57) . A detailed treatment protocol is shown in fig. S10 . Mice were sacrificed immediately after the thickness measurement, and single-cell suspensions of ears were prepared by digesting minced ear skins in Liberase (25 mg/ml) (Roche Applied Science) and deoxyribonuclease (DNase) I (400 U/ml) (Roche Applied Science) at 37°C for 30 min. The cervical draining lymph nodes and spleens were removed for flow cytometric analyses or T cell memory reaction assessment. Blood was collected for ELISA measurements of serum antibodies. Alternatively, contact hypersensitivity was induced and developed in S100A4 +/+ or S100A4 −/− mice. Essentially, mice were sensitized on shaved abdominal skin with 100 ml of 2% oxazolone (Sigma-Aldrich) dissolved in ethanol. Five days later, mice were challenged with 10 ml of 1% oxazolone topically on each side of one ear and were given an equal amount of ethanol on the other ear. The ear thickness was measured and presented as explained in the OVAinduced dermatitis model. We used n ≤ 18 but n ≥ 5 for in vivo tests and n between 2 and 5 for in vitro analyses.
Study subjects
Five different materials were analyzed. (i) Allergen-challenged PBMCs from 20 patients with SAR and 20 matched healthy controls outside of the pollen season were analyzed for S100A4 and other proteins in supernatants. CD4 + T cells were also extracted from this material and analyzed with gene expression microarrays (58) . The mean age ± SEM of patients and controls was 25 ± 2 and 26 ± 2 years, respectively. (ii) Allergen-challenged PBMCs from nine patients with asymptomatic SAR outside of the season were incubated with a neutralizing antibody [clone 6B12, 200 mg added on days 0, 3, and 5 that recognized both human and mouse S100A4 (57) for 1 week]. The mean age ± SEM of these patients was 23 ± 2 years. (iii) Nasal fluids from the same patients and controls described in (i) were analyzed for S100A4 and other proteins during the pollen season. (iv) Fifty patients with symptomatic SAR seen during the pollen season were analyzed to test for correlation between S100A4 and symptom scores. The mean age ± SEM of patients was 29 ± 1 years. The inclusion criteria for SAR were a positive history for seasonal rhinitis for at least 2 years, as well as positive skin prick tests for birch and/or grass pollen. All patients were untreated when the samples were obtained, and had no other known diseases. Symptom scores and nasal fluids were obtained as previously described (11, 59) . (v) Skin biopsies from four patients with allergic dermatitis who fulfilled the criteria of Williams et al. (60) , including elevated IgE levels. None of the patients had received local or systemic treatment with glucocorticoids or tacrolimus (FK506) within 2 weeks. Skin biopsies were also obtained from two healthy controls, who had normal levels of IgE and were all symptom-free and had no history of allergic dermatitis or any other atopic or chronic disease. Skin biopsies were obtained from lesional and nonlesional skin. The mean age of the patients was 28 years, of whom two were females. The mean age of the controls was 29 years. Two punch biopsies (4-mm diameter) were taken under local anesthesia from lesional skin from each patient and matching skin location from each control. The biopsies were snap-frozen in liquid nitrogen and stored at −70°C until immunohistochemistry preparation. Informed consent was obtained from all subjects involved in the study. The study was approved by the ethics board of University of Gothenburg.
Identification of potential IL13-regulating TFs
Gene expression microarray data from 17 patients with SAR were analyzed after challenge with allergen or diluents for 1 week (8) . The PRIMA software was used to identify TFs that changed in expression and whose TF binding sites were found in the IL13 promotor. Each TF predicted to regulate IL13 was given a score representing its likelihood to be an IL13 regulator. The score was compiled with sequence-based target predictions, expression profiling, and known relevant cellular pathways. Briefly, each source gave each TF a score between 0 and 1. Each source was then given a weight depending on its relevance for this context by manual assessment. Sequence-based predictions were considered the most reliable source, given a weight of 0.9. The score for each TF was calculated as follows:
In the formula, i represents the different sources, s represents the score obtained from source i, and w represents the weight of layer i. Each source contributes to increasing the total score of each TF, but its contribution is dependent on the weight of the source. In the siRNA screen, described below, we selected TFs that were down-regulated by at least one siRNA and used a fold change of 45% as cutoff for changes in IL13 and the corresponding TF. By contrast, in the siRNA-mediated knockdowns in biological replicates, we used statistical analysis of the changes in IL13 to select TFs. ) (Lonza) were transfected in a 96-well plate with the Amaxa nucleofection program 96-F0-115. For the whole screening, T cells from the same blood donor and the same batch were used. To down-regulate NFKB1, STAT4, NFATC2, STAT6, GATA1, REL, JUN, MYC, STAT1, STAT5B, ELF2, STAT3, NFKB2, FOS, CIITA, SPI1, DBP, CREBBP, EP300 MYB, BATF, STAT5A, NFATC1, NFAT5, and ELK1, each gene was targeted by three different siRNAs individually at a final concentration of 1 mM. Cells were also transfected with nontargeting siRNA or with buffer. For each TF, three technical repeats were performed. For the knockdowns that had been used for the gene expression microarrays, 1 × 10 6 human CD4 + T cells (Lonza) were transfected in a cuvette with 1 mM of the corresponding siRNA with the Amaxa nucleofection program U-014 as previously described (8) . Six hours after the nucleofection, cells were washed, activated, and polarized toward T H 2 for 16 hours with plate-bound anti-CD3 (500 ng/ml), soluble anti-CD28 (500 ng/ml), anti-IL-12 (5 mg/ml), IL-4 (10 ng/ml), and IL-2 (17 ng/ml) (all from R&D Systems Ltd.). After polarization, cells were harvested and counted, and an assessment of viability was done with a cell counter from Bio-Rad. Cells were lysed in 600 ml of Qiazol. Quantitative real-time PCR, gene expression microarrays, and identification of differentially expressed genes were performed as described previously (24) . + cells, respectively. Human peripheral blood-derived T cells were stained with FITC-CD4 and PE-IL-13 (BD Biosciences) after fixation and permeabilization (eBioscience). Flow cytometry was carried out with an LSR-II flow cytometer (BD Biosciences), and data were analyzed by the FlowJo software (BD Biosciences).
Serological analyses
OVA-specific IgG, IgG1, IgG2a, and IgE levels in serum were determined with ELISA. Direct alkaline phosphatase (AP)-conjugated antibodies against mouse IgG, IgG1, or IgG2a (Sigma-Aldrich) and indirect biotinconjugated anti-mouse IgE (Serotec) were used. OVA-specific IgE levels were expressed with the optical density values. OVA-specific IgG levels were expressed in titers (Magellan 7.1 Data Analysis Software, Tecan).
T cell proliferation and cytokine detection Splenocytes (4 × 10 4 per well) were seeded into a 96-well round-bottom plate in the presence or absence of OVA (1 mg/ml) and cultured at 37°C in 5% CO 2 for 72 hours. [ 
DC-dependent T cell activation assay
Mesenteric lymph nodes and spleens from S100A4 −/− or S100A4 +/+ mice, which had received Flt-3L cells to expand DCs, were harvested, pooled, and digested with a combination of Liberase TM and DNase I (Roche Applied Science). DCs were purified by CD11c MicroBeads (Miltenyi Biotec GmbH) and incubated with OVA (1 mg/ml) in the presence or absence of recombinant human S100A4 (1 mg/ml) for 2 hours followed by extensive washing. T cells were sorted from the pooled lymph nodes and spleens of OT-II mice with CD4 + T Cell Isolation Kit II (Miltenyi Biotec GmbH). Characterization and purification of recombinant S100A4 For the production of untagged protein, the codon-optimized human S100A4 sequence was subcloned into the Nde I/Bam HI sites of pET11b (Novagen). The wild-type S100A4 was purified as described previously (56) and then gel-filtered on a HiLoad Superdex 75 26/60 column (GE Healthcare). The elution profile of the wild-type S100A4 showed one major peak consistent with an S100A4 dimer. S100A4 protein concentrations were determined with the Bradford protein assay (Bio-Rad) and an S100A4 standard of known concentration. The concentration of the S100A4 standard was determined by quantitative amino acid analysis (Keck Biotechnology Resource Laboratory at Yale University, New Haven, CT). The endotoxin levels of the recombinant S100A4 were 0.01 endotoxin unit/mg as determined with the QCL-1000 Endpoint Chromogenic LAL assay kit (Lonza).
Purification and characterization of neutralizing S100A4 antibody The purification of monoclonal anti-S100A4 antibodies from clone 6B12 was done as described previously (57) . Briefly, hybridoma cells were grown in RPMI 1640 until they reached a density of 1 × 10 6 cells/ml. After centrifugation, the supernatants were sterile-filtered and degassed, and the pH was adjusted to 7.2. The monoclonal antibodies were purified through affinity chromatography. After neutralization, the antibody-containing fractions were concentrated using Amicon Ultra-15 centrifugal filter units (Millipore) with a molecular weight cutoff (MWCO) of 10 kD. The purified antibody was dialyzed against 1× PBSCa 2+ /Mg 2+ (Gibco) using dialysis tubing with an MWCO of 12 to 14 kD (Spectrum Laboratories Inc.). The concentration of the antibody was then adjusted to 2 mg/ml, sterile-filtered (0.22 mm), divided into aliquots, and stored at −80°C. The anti-S100A4 monoclonal antibody (clone 6B12) can neutralize both human and mouse S100A4. It binds to an epitope between amino acids 66 and 89 (RDNEVDFQEYCVFLSCIAMMCNEF) but not to other regions (57) . There is 100% sequence identity between the mouse and human S100A4 in this region. The 6B12 antibody binds only to human and mouse S100A4 but not to human S100A1, S100A2, S100A5, S100A9, S100A12, or S100B (57) . Furthermore, because the 6B12 antibody does not cross-react with extract of activated fibroblasts deficient in S100A4, and because S100A8 is expressed in activated fibroblasts (61), this would rather exclude the cross-reactivity of 6B12 to S100A8. The epitope that is recognized by the 6B12 antibody does not exist on the S100A8 molecule.
Analysis of secreted proteins in supernatants from allergen-challenged PBMCs and nasal fluid proteins S100A4 was analyzed with an ELISA kit from MBL International, whereas IL-5 and IL-13 were analyzed with ELISA kits from R&D Systems Ltd.
Immunohistochemical analysis of S100A4 in allergic dermatitis
The tissue distribution of S100A4 protein was investigated by immunohistochemistry on punch biopsy samples (4 mm) from lesional and nonlesional skin of patients (n = 4) and healthy control subjects (n = 2). Deparaffinized formalin-fixed tissue sections (4 mm) were mounted on slides, warmed at room temperature for 30 min, and fixed in ice-cold acetone for 5 min. Slides were air-dried for 3 min and washed in PBS. Immunostaining was accomplished by an automated staining machine (DAKO TechMate 500 PLUS; DakoCytomation). Essentially, slides were incubated for 1 hour with the polyclonal anti-S100A4 antibody (57 ) and mouse anti-human CD3 antibody (Abcam) followed by counterstaining with a peroxidase-and AP-based method (EnVision G|2 Doublestain System; Dako), revealing the mouse and rabbit primary antibodies, respectively, according to the manufacturer's instruction. All sections were examined and photographed with standard bright-field optics (Olympus XC30).
Statistical analysis
The gene expression microarray data were quantile-normalized, and differentially expressed genes were determined with LIMMA package in R, with 0.01 false discovery rate according to the Storey method. For the in vitro validation, each experiment was repeated three to five times, unless otherwise noted. For the in vivo experiments, each measurement was repeated three or four times. Unless otherwise noted, data are given as means ± SEM, and unpaired two-tailed Student's t test was applied to compare two groups of independent samples. In the treatment experiments, the starting values varied greatly, and we used paired singletailed Wilcoxon rank-sum test to determine the decrease after treatment. In some of the mouse model analyses, outliers were removed according to Grubb's test (a = 0.01). At most, one mouse was removed in each of the analyses (n ≥ 12).
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